We show that the d-band of a transition metal surface induces intra-atomic hybridization of an atom in its vicinity. It is demonstrated that such hybridization can have a profound influence on the resonance width and hence lifetime of the atomic ionization level. The degree of Li s-p hybridization is found to be directly correlated to the overlap of the d-band density of states with the Li 2s and 2p levels, and is shown to be not due solely to long-range electrostatic image potential effects. DOI: 10.1103/PhysRevB.74.115109 PACS number͑s͒: 34.50.Dy, 31.15.Ew, 34.70.ϩe Charge transfer reactions between gas phase atoms and metallic surfaces are of fundamental importance in many dynamical processes such as heterogeneous catalysis, 1,2 corrosion, 3, 4 stimulated desorption, 5 and ion-surface scattering. 1, 6, 7 The most important fundamental physical property determining the charge transfer rate between an atom and a surface is the electron tunneling rate through the potential barrier between the atom and the surface. Electron tunneling results in a broadening of the atomic levels, i.e., the atomic levels become resonances. The resonance width is directly proportional to the electron tunneling rate. Despite their ubiquity and importance, first-principles theoretical investigations of the broadening of atomic levels near metallic surfaces have been relatively scarce. 6, 8, 9 Conventional methods [10] [11] [12] for calculating the widths of atomic levels near metallic surfaces are based on oneelectron approaches where simple model potentials are introduced to describe the potential energy of an electron in the surface region. The surface potential is constructed by adding an imagelike potential representing the electron-surface interaction and a pseudopotential describing the interaction of the electron with the atom. As a result, it is not possible to examine either the effect of realistic surface electronic structure or the changes of the electronic structure of the surface that result from the chemical interaction of the atom with the surface.
We show that the d-band of a transition metal surface induces intra-atomic hybridization of an atom in its vicinity. It is demonstrated that such hybridization can have a profound influence on the resonance width and hence lifetime of the atomic ionization level. The degree of Li s-p hybridization is found to be directly correlated to the overlap of the d-band density of states with the Li 2s and 2p levels, and is shown to be not due solely to long-range electrostatic image potential effects. Charge transfer reactions between gas phase atoms and metallic surfaces are of fundamental importance in many dynamical processes such as heterogeneous catalysis, 1,2 corrosion, 3, 4 stimulated desorption, 5 and ion-surface scattering. 1, 6, 7 The most important fundamental physical property determining the charge transfer rate between an atom and a surface is the electron tunneling rate through the potential barrier between the atom and the surface. Electron tunneling results in a broadening of the atomic levels, i.e., the atomic levels become resonances. The resonance width is directly proportional to the electron tunneling rate. Despite their ubiquity and importance, first-principles theoretical investigations of the broadening of atomic levels near metallic surfaces have been relatively scarce. 6, 8, 9 Conventional methods [10] [11] [12] for calculating the widths of atomic levels near metallic surfaces are based on oneelectron approaches where simple model potentials are introduced to describe the potential energy of an electron in the surface region. The surface potential is constructed by adding an imagelike potential representing the electron-surface interaction and a pseudopotential describing the interaction of the electron with the atom. As a result, it is not possible to examine either the effect of realistic surface electronic structure or the changes of the electronic structure of the surface that result from the chemical interaction of the atom with the surface.
In a recent publication, 9 we developed a periodic density functional theory ͑DFT͒-based deconvolution scheme to extract adsorbate energy level widths near surfaces, and applied it to an adsorbate outside a nearly free-electron-like metal surface ͑Al͒. By comparing our calculated widths with results from simpler models that neglect changes in electronic structure caused by the interaction between the surface and the adsorbate, we established that the chemical interactions between the atom and the surface can have a strong influence on the broadening of atomic levels.
In this paper, we generalize our first-principles approach and investigate the broadening of atomic levels near transition metal surfaces. We show that the chemical effects caused by the interaction between an atom and a transition metal surface can be much larger than for an atom near a nearly free-electron-like surface. In particular, we provide evidence that the d-band can mediate a strong mixing of the atomic levels. As was established previously for hydrogen interacting with simple metal surfaces, 10 the mixture of higher excited atomic states can significantly increase the tunneling rates between an atom and a surface. Here we demonstrate that the degree of intra-atomic hybridization correlates strongly with the magnitude of the d-band density of the states at the energies of the atomic levels.
Details on our scheme for calculating level widths can be found in Ref. 9 . The width of the atomic resonance is calculated from the projected density of states ͑PDOS͒, 8, 9, 13 
͑1͒
In Eq. ͑1͒, the PDOS ͓⌸ l ͔͑͒ is a function of the energy and the state l onto which we are projecting. This function is evaluated by calculating the overlap of m interacting KohnSham orbitals m with the isolated atomic orbital l . The Dirac delta function ␦͑ − m ͒, where m is the energy of orbital m, is then broadened using a small parameter. The PDOS so obtained is a Lorentzian from which a width can be extracted by deconvolution. 8 In our earlier application to Li scattering off Al͑001͒, the calculated widths were in excellent agreement with experimental data. 9 In the present application, the self-consistent valence electronic structure of Li outside a variety of main group and transition metal surfaces is calculated using the periodic DFT program CASTEPគ3.2. 14 We employ the local density approximation ͑LDA͒ for the electron exchange-correlation functional, which is based upon the homogeneous electron gas quantum Monte Carlo results of Ceperley and Alder, as parametrized by Perdew and Zunger. 15, 16 We find that the energy level widths are insensitive ͑to within Ͻ1 meV͒ to the choice of exchange-correlation potential, as evidenced by tests comparing energy level widths for Li/ Ir͑001͒ obtained from LDA to those from a generalized gradient approximation ͑GGA͒ to the exchange-correlation functional due to Perdew-Burke-Ernzerhof ͑PBE͒. 17 We therefore used the LDA for all other studies in this work. 20 is used to survey additional transition metals ͑Rh, Ag, Pt, and Au͒ using the default ultrasoft pseudopotentials ͑USPPs͒ ͑Ref. 21͒ included with CASTEPគ3.2. 12 Use of supercell sizes, kinetic energy cutoffs for the plane-wave basis, and k-point meshes given in Table I converge the Li energy level widths to within 0.05 eV. As established earlier, 9 the size of supercells we employ ensures that periodic images of the Li atom are sufficiently distant that the Li energy level widths are unaffected by these images. In order to exploit mirror symmetry, a Li atom is placed on each side of the metal slab. Then, in order to avoid spurious contact ͑due to the periodic boundary conditions͒ between the two Li atoms at large Li-surface separations, periodic images of the surfaces are separated by 49 a.u. of vacuum. Seven layers of substrate metal atoms are necessary ͑and hence are used͒ to properly mimic the crystalline surface and to ensure no interaction between the Li atoms on each side of the slab. 9 Equilibrium bulk structures as predicted by DFT-LDA are employed for calculations using NCPs, while experimental bulk structures are used in the survey done with USPPs.
When a transition metal surface d-band lies close in energy to the Li 2s and 2p energy levels, we find strong polarization of the Li atom valence states as Li approaches the surface. As a result, the wave function corresponding to the ionization level of Li becomes s-p hybridized, Li Hyb = c 2s Li 2s + c 2p Li 2p . ͑2͒
Evidence for this transition metal surface-induced hybridization is the appearance of a second ͑smaller͒ Lorentzian peak in the PDOS obtained from Eq. ͑1͒. As an example, Fig. 1 displays PDOSs for the 2s and 2p states of Li at a distance of 10 a.u. from an Ir͑001͒ surface. The second Lorentzian present in the Li 2s PDOS corresponds directly to the Lorentzian in the Li 2p PDOS, and vice versa. This result suggests that mixing between the Li 2s and 2p states is occurring in the presence of a transition metal surface. The mixing of Li 2s and 2p orbitals due to surfaceinduced symmetry breaking should be accounted for when calculating the effective width of the ionization level of Li. Since the level now contains a mixture of both the Li 2s and 2p levels, the width can be written as
If interference effects between the Li 2s and 2p states are neglected ͑their importance is assessed below͒, 2s and 2p simply would be the squares of the amplitudes c 2s and c 2p in Eq. ͑2͒, respectively. As we illustrate below, the magnitudes of the coefficients 2s and 2p depend strongly on atomsurface separation and the nature of the surface, and lead to widths that are very different from those obtained by neglecting Li 2p mixing ͑ 2s = 1 and 2p =0͒. 
FIG. 1. PDOS for Li 2s
͑top͒ and Li 2p ͑bottom͒ for a Li atom 10 a.u. above a top site on the Ir͑001͒ surface. 0 eV and 2.1 eV correspond to the 2s and 2p energy levels, respectively, of an isolated Li atom. Li s-p mixing is observed.
While our analysis follows the usual convention of working in the diabatic representation of pure Li 2s and 2p states, we decided to quantify the extent to which interference effects may change the quantitative widths calculated. This is accomplished by carrying out the projection of the DOS onto an adiabatic basis comprised of a linear combination of the isolated Li 2s and 2p atomic orbitals. The coefficients of these atomic orbitals were chosen such that the PDOS only display a single Lorentzian peak. 22 The width of this resonance corresponds to the inverse lifetime of the hybridized Li ionization level. The transformation to an adiabatic basis systematically increases the ionization level widths calculated from Eq. ͑3͒ by ϳ60%, for all atom-surface separations investigated. It does not, however, change any of our conclusions gleaned from the simple and intuitive expression given in Eq. ͑3͒, which therefore is employed in the rest of our analysis. Fig. 2 are generated using a more approximate DFT-PDOS method 20 in order to efficiently survey a large class of transition metal surfaces.
Further evidence of transition metal surface-mediated s-p hybridization is provided by examining the polarization of the electron density for a Li atom outside the metal surface. It is conceivable that the intra-atomic hybridization we observe might be due simply to long-range image potential effects induced by the metal surface. We tested this possibility by calculating the intra-atomic hybridization within a jellium model that includes the image potential. 9 This model predicts small 2p ͑0.007-0.011͒ for all metals investigated at an atom-surface separation of 10 a.u., as indicated by the shaded area in Fig. 2 . These 2p values are consistent with our DFT-based predictions for metal surfaces lacking d-electrons ͑e.g., Al and Mg͒, but not with those for transition metal surfaces: the intra-atomic hybridization predicted by DFT for the latter surfaces are much larger than predicted by the image potential alone. These results further highlight the importance of the d-band in mediating the Li s-p hybridization, since jellium does not account for any effects due to d-electrons.
The amount of mixing not only depends on the character of the surface but also on the distance of Li to the surface. The fraction of 2p PDOS, 2p in Eq. ͑3͒, varies with Lisurface separation and increases as Li approaches the surface. For small Li-surface separations, the s-p hybridization is substantial due to the large overlap between the surface d-orbitals and the Li orbitals. In general, at each equivalent Li-surface distance, Li s-p mixing was consistently much greater for transition metal surfaces than for nontransition metal surfaces.
The s-p hybridization of the energy levels has a noticeable impact on the effective widths of the ionization level of Li near transition metal surfaces. Figure 5 compares the Li widths calculated using Eq. ͑3͒ to those obtained neglecting the hybridization, as a function of Li atom-surface separation outside Cu͑001͒ and Al͑001͒. Including Li 2s-2p mixing has little effect on the widths of Li near Al͑001͒, whereas for Cu and metals with even more d-electron character, the effects of Li hybridization are large and crucial for a proper description of the width of the ionization level of Li.
In conclusion, we find strong evidence for a d-band mediated intra-atomic hybridization that enhances the mixing of the Li 2s and 2p states and greatly influences the width of the ionization level of Li outside metal surfaces. These increased widths in turn suggest higher electron tunneling rates outside transition metal surfaces compared to nearly free-electronlike surfaces, consistent with observed trends in chemical reactivity, e.g., transition metals are better catalysts and tend to corrode more easily. A previously developed DFT-based deconvolution technique is used to extract the width of the ionization level. A comparison between transition metal surfaces suggests that larger d-band overlap with the Li levels facilitates greater Li 2s-2p mixing. The amount of level mixing is also reflected in the extent of polarization of the Li electron density. We show that accounting for this mixing is critical for describing the widths of the ionization level of Li. Lastly, validation of the fidelity of our predictions is provided by comparison with the most closely related experimental data available. At a Li-Cu͑001͒ distance of 6 a.u. ͑close to a chemisorption distance, but large enough where our theory is expected to hold͒, we predict a lifetime of 8 fs for the ionization level of Li, which compares well with measured lifetimes [23] [24] [25] [26] of 6 fs for Cs above Cu͑001͒.
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